was increased, the reduction current of the heavy metals increased as well. The Pearson correlation values obtained for Pb and Cd were close to 1.0, indicating a strong positive linear relationship between the variables. The minimum heavy metal concentration that can be simultaneously detected by the fabricated electrodes is 0.5 ppm.
Introduction
Metals of 63.5-200.6 g mol -1 atomic weights and of specific gravity > 5 g cm -3 are categorized as heavy metals (1) . Heavy metals may be toxic or essential to humans. However, exposure to higher concentrations of these metals can lead to poisoning. According to Morais et al. (2) , the main sources of human exposure to heavy metals are air, drinking water and food. In air, lead originates from petrol while there is an abundance of cadmium in soil. Cadmium, readily absorbed by plants, accounts to most of the food contamination cases. Exposure to toxic heavy metals can cause acute or chronic poisoning which may cause damage to blood composition, lungs, kidneys, liver, and other vital organs (3) . Due to the potential of heavy metals to cause damage to health and the environment, accurate and precise monitoring of these harmful metals is essential. Thus, several techniques of detecting toxic heavy metals have been developed including anodic stripping voltammetry (ASV).
For many years, mercury was used as a working electrode material because of its high reproducibility and sensitivity to anodic stripping voltammetry. However, mercury is toxic and has limited anodic potential. Thus, chemically modified electrodes have been developed and utilized as an alternative to mercury electrodes. One of the common approaches of modifying electrodes is coating the surface with a thin film of an appropriate polymer such as Nafion ® . Nafion modified electrodes are currently being utilized for heavy metal detection (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and in biosensors (15) (16) (17) (18) (19) (20) (21) (22) . The working electrode of the said sensors is modified by coating it with Nafion ® doped with a redox mediator which enhances its function by accelerating the transfer of electrons. The Nafion ® coating also makes the electrode more damage resistant, more sensitive, and more lasting.
Bertoncello et al. (23) reported a novel "one step procedure" of incorporating redox active species within ultrathin Nafion thin films. The Langmuir-Schaefer technique was used to prepare ultra-thin films of Nafion containing trimethylammonioferrocene (FA + ), tris(2,29-bipyridyl)ruthenium(II), 2 3 Ru( bpy) , . The morphology and thickness of the films were characterized using atomic force microscopy (AFM). The electrochemical behavior of the films was studied using cyclic voltammetry (CV). CV results confirmed that the mediators were successfully incorporated into the film and the redox activity was maintained during extensive voltammetric cycling. To show that the redox-active films can be used for sensing applications, films with 2 3 Ru( bpy) + were utilized for the 3+ and the reduction current of the heavy metals as well as that of the heavy metal concentration and reduction current were investigated.
Methodology

Reagents and solutions
Nafion solution (5 wt%) was purchased from Fuel Cell Earth (Wakefield, MA, USA). Hexaammineruthenium(III) chloride was purchased from Sigma, Aldrich (SigmaAldrich Pte Ltd, Singapore). Laboratory grade heavy metals, CdCl 2 and ZnCl 2, were also purchased from Sigma, Aldrich while PbCl 2 was purchased from Pharmchem (Bahadurgarh, Haryana, India). Stock solutions of heavy metals were prepared with high purity deionized water.
Instruments
A BOSCH SAE200 electronic balance (BOSCH-Wägesys-teme GmbH, Jungingen, Germany) was used to measure 5 mg, 10 mg, and 15 mg of [Ru(NH 3 ) 6 ] 3+ and 0.584 g of NaCl. A Transferpette ® S micropipette, ITO substrates ( Sigma-Aldrich Pte Ltd, Singapore) was used in drop coating the coating solutions onto the surface of the ITO substrates. All glasswares were put into a BANDELIN SONOREX ultrasonic bath (BANDELIN electronic GmbH & Co. KG, Berlin, Germany) for cleaning. BST8-stat potentionstat/galvanostat (MTI Corporation, Richmond, CA, USA) was used in the ASV set-up for the acquisition of the voltammograms.
Experimental procedure 2.3.1 Preparation of ITO glass substrates and coating solutions
ITO-coated glass substrates were cut into strips, with dimensions of 2.5 cm × 1.0 cm, using a diamond-tip glass cutter. The cut substrates were cleaned with acetone solution for about 5 min in an ultrasonic bath. For the preparation of the coating solution, 5 mg, 10 mg, and 15 mg of [Ru(NH 3 ) 6 ] 3+ powder were each dissolved in distilled water and were mixed with 5 wt% Nafion and methanol.
Fabrication
Each ITO-coated glass electrode was drop coated with 50 μl of the prepared coating solution using a Transferpette ® S micropipette. The samples were air dried at constant ambient temperature (26°C) for about 12 h.
Voltammetric procedure
The voltammetry system used in this study consists of the following: a nitrogen gas tank for sparging, a voltammetric cell with a platinum coil electrode as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode, a hot plate for stirring, BST8-stat potentiostat/ galvanostat, and a computer. The [Ru(NH 3 ) 6 ] 3+ /Nafion ® modified electrodes were used as the working electrodes. The voltammetric cell was filled with 100 ml of 0.1 M NaCl solution. The heavy metal samples were added to the electrolyte solution. The electrolyte solution was stirred by a ceramic magnetic stirring bar and sparged by nitrogen gas. Simultaneous detection of the heavy metals was performed at ten heavy metal concentrations from 0.5 ppm to 100 ppm. During the voltammetry tests, a potential of +1.0 V was applied for 60.0 s at cleaning stage while -1.0 V was applied for another 60.0 s in the deposition stage. The potential was maintained for 5.0 s and ramped from -1.0 V to +5.0 V for the next 30.0 s.
Results and discussion
Cyclic voltammetry
Cyclic voltammetry was performed using a bare ITO electrode and a Nafion modified ITO electrode. No cathodic and anodic peaks were visible in the cyclic voltammograms for both electrodes. This is due to the absence of the hexaammineruthenium which is a redox mediator. The mediator is the one responsible for the occurrence of redox reactions; therefore, no reduction and oxidation peaks were recorded in the absence of it.
[Ru(NH 3 3+ to transfer electrons from the ITO eletrodes to the metal ions and vice versa through the Nafion film. Instead of diffusing through the Nafion film to the electrode, some metal ions are probably reduced or oxidized on the surface of the Nafion film through electron transfer facilitated by Ru(NH 3 ) 6 ]
3+
. Thus, electron transfer is accelerated thereby enhancing the sensitivity of the modified electrode. Figures 3-5 show the anodic stripping voltammograms for Pb 2+ , Cd 2+ and Zn 2+ in ten varying concentrations using the modified ITO electrodes. It can be observed from the figures that as the concentration of the heavy metals, lead and cadmium, increased, the reduction currents also increased. This is due to the increase of the amount of analyte present in the solution when the heavy metal concentration was increased. The higher the heavy metal concentration, the higher the amount of heavy metals deposited onto the surface of the working electrode. Thus, a higher amount of metal ions is detected during the stripping stage. This result was also observed in previous studies (24, 25) .
The calibration curve for each heavy metal was obtained by plotting the reduction current vs. the heavy metal concentration. The Pearson correlation coefficient (R 2 ) of each plot was determined. The calibration curves for lead and cadmium had R 2 values close to 1, indicating that there is a strong positive linear relationship between the reduction current and heavy metal concentration.
Compared to lead and cadmium, zinc had a lower correlation coefficient value. This is due to the tendency of Zn to form ammonium-containing compounds when exposed to ammonia (26) , which is an element of the hexaammineruthenium present in the modified electrode. Thus, the detected amount of Zn fluctuates at increasing heavy metal concentration.
Variation of [Ru(NH 3 ) 6 ]
3+ concentration Tables 1-3 3+ increases, the reduction currents of both lead and cadmium increase as well. This can be attributed to the increase in the redox centers that facilitate electron transfer between increases, both the reduction and oxidation currents increase as well. This is due to the increase in the number of electrons that are transferred from the substrate to the electrolyte and vice-versa. 
Anodic stripping voltammetry
Real sample analysis
To demonstrate the utility of the fabricated electrodes for sensing applications, the electrodes were used to detect heavy metals in commercial water color paint. The electrodes were able to detect 6.4 ppm of Pb and 8.9 ppm of Cd in the said sample.
Conclusion
The deposition technique used was the drop coating technique which is cost-efficient and minimizes solution waste. It was effective in producing redox-active Nafion thin films as seen from the obtained cyclic voltammogram. The cathodic and anodic peaks in the said 3+ was increased, the reduction current of the heavy metals increased as well. Also, the heavy metal concentration and reduction current exhibited a direct relationship. However, in the detection of Zn, there were discrepancies with increasing amount of [Ru(NH 3 ) 6 ] 3+ and heavy metal concentration. The Pearson correlation values obtained for Pb and Cd were close to 1, indicating a strong positive linear relationship between the two variables. The Pearson correlation values for Zn, however, were lower. The minimum heavy metal concentration that can be detected by the fabricated electrodes is 0.5 ppm. 
